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Multianalyte Microspot Immunoassay—Microanalytical "Compact Disk" of the Future 

R. P. Ekins and F. W. Chn 



Throughout the 1070s, controversy centered both on inf>- 
munoassay "sensltivit/* per se and on the relative sensi- 
tivities of labeled antibody (Ab) and labeled analyte meth- 
ods. Our theoretical studies revealed that RIA sensitivities 
could be surpassed only by the use of very high-specific- 
activity nonisotopic labels in "noncompetitive" designs, 
preferably with monoctonal antibodies. The time-resolved 
fluorescence methodology known as delfia— developed in 
collaboration with LKB/Wallac— represented the first com- 
mercial "ultrasensitive" nonisotopic technique based on 
these theoretical insights, the same concepts being sub- 
sequently adopted in comparable methodologies relying 
on the use of chemikjminescent and enzyme labels. How- 
ever, high-speclfic-acthrfty labels also permit the develop- 
ment of "muttanaJyie" immunoassay systems combining 
ultrasensitivity with the siniuftaneous measurement of tens, 
hundreds, or thousands of analytes in a small biological 
sample. This possibility relies on simple, atbelt hitheno- 
unexploited. physicochemical concepts. The first is that a// 
immunoassays rely on the measurement of Ab occupancy 
by analyte. The second Is that, provided the Ab concentra- 
tion used is 'Vanishingly small." fractional Ab occupancy is 
independent of both Ab concentration and sample volume. 
This leads to the notion of "ratiometric" immunoassay, 
involving measurement of the ratio of signals (e.g., fluores- 
cent signals) emitted by two labeled Abs, the first (a 
"sensor'* Ab) deposited as a microspot on a solid support, 
the second (a "developing** Ab) directed against either 
occupied or unoccupied binding sites of the sensor Ab. Our 
preliminary studies of this approach have relied on a 
dual-channel scanning-laser confocal microscope, permit- 
ting microspots of area 100 /im^ or less to be analyzed, 
and implying that an array of 10* Ab-containing microspots, 
each directed against a different analyte, could, in princi- 
ple, be accommodated on an area of 1 cm^. Although 
m asurement of such analyte numbers is unfikely ever to 
be required, the ability to analyze biological fluids for a wide 
spectrum of analytes is likely to transform immunodiagnos- 
tics in the next decade. 

Ackdttlorul Keyphrmaes: ratiometric immunoassays • scanning- 
laser coniocat microacope * fluoroimmunoassay 

Immunoassay and other pn>teiii-biiiding assay meth- 
ods baaed on the xiae of radioisotopic labels have played 
a mq'or role is medicine during the past three decades. 
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Their utility and importance have derived primflrily 
from the structural specificity of many reactions be- 
tween binding proteins and analytes and the detectabil- 
ity of isotopically labeled reagents, the latter endowing 
such techniques with "exquisite sensitivity." Recently, 
however, interest has increasingly focused on noniso- 
topic techniques based on identical analytical princi- 
ples, differing only in the nature of the marker used to 
label the reactant (e.g,, antibody or antigen), whose 
distribution between reacted ("bound") and unreacted 
rfree") fractions constitutes the assay "Vesponae." 

The basic aims underlying this interest rjin be 
broadly classed under four main headings: 

• avoidance of the environmental, legal, economdct and 
practical disadvantages of isotopic techniques (e.g., lim* 
ited shelf life of isotopically labeled reagenta* problems 
of radioactive waste disposal, cost and complexity of 
radioisotope counting equipment), particularly those 
impeding the development of, for example, simple diag- 
nostic kits^or home or doctor's office use; 

• achievement of greater assay sensitivity; 

• "direct" measurement of analyte concentrations by 
\ise of transducer-based "immunosensors"; 

•simultaneous measurement of multiple analytes 
rmultianalyte assay"). 

In this presentation I will focus primarily on the last 
of these objectives, using this to set out the principles 
underlying our present attempts to develop a new ''min- 
iaturized" technology that will permit the simultaneous 
measurement of an imlimited number of analytes in a 
small biological sample such as a single drop of blood. 
However, retention {and, if possible, impxovement) of 
the high sensitivitiefi of conventionfil iaotopic tech- 
niques is a basic aim not only of our own studies in this 
area but also of most other endeavors falling under the 
above headings. It is therefore appropriate to preface 
this paper with a discussion of the general principles 
underlying the attainment of high binding-assay sensi- 
tivity. 

Immunoassay Seristtlvlty: Some Baste Concepts 
Definition of Assay Sensitivity 

The need to establish assay conditions yielding max- 
imal sensitivity underlay the independent construction 
of mathematical theories of immunoassay design by 
both Yalow and Berson (J) and Ekins et al. (2) in the 
course of the original development of these methods in 
the early 1960s, Regrettably, these theoretical studies 

led to a prolonged controversy, arising largely from the 
conflicting concepts of "sensitivi^* adopted by the two 
groups (see Figure 1). Briefly, Berson and Yalow, in 
their many publicationB relating to immtinoassay de- 
sign (e.g., i. 3), defined sensitivity as the slope of the 



FROM BIOMEDICAL INFORMATION SERVICE 



_tWED) 2- 19-J33 n:26/ST. I 1 : 23/KO. 486 2 209266 P 7 




siHsnrmy 



Sysum A matt iMmaam 




mason I 



U|d«H 




SjfmmBM 



Rq. 1. The differing concepts of sensitivity and precision underiying 
radioimmunoassay design theories developed t>y {left) YaJow and 
Bereon (e.o.. U 3) and {right) EKins et al. (2, 4) 
Yatow and B«rson defint assay A as mora sensftiva because it yields a 
rMponsacurva olprMtsr slopA. Odna «ta]. de6ne aasay 6 as rrxxe senshive 
because the imprecision of measurement zero dose (ao) is less. Yaiow and 
Berson likewise define an assay system as more precise 8 it yields a steeoer 
response curve when data are ptoned on a log dose scale 

response curve relating the fraction or percentage of 
labeled antigen bound (b) to analyte concentration ([H]). 
In contrast, Ekina et al. (e.g., 2, 4) defined sensitivity as 
the (im)precision of measurement of zero dose, this 
quantity being indicative of, and essentially equivalent 
to, the lower limit of detection. 

The key difference between these two definitions 
clearly lies in the dependence of the aasay detection 
limit on the error (imprecision) in the meaaurement of 
the responae variable. By neglecting this crucial factor, 
the "response curve slope*' definition leads to many 
obvious absurdities. For example, plotting conventional 
RIA data in terms of the response metameter B/F (i.e., 
the bound to free ratio) suggests that assay "sensitivity'' 
is increased by increasing the antibody concentration in 
the system; however, the converse conclusion is reached 
if identical data are plotted in terms of F/B'(see Figure 
2). Observation of the shape and slopes of response 
curves without detailed error analysis thus constitutes a 
totally misleading guide to optimal 

immunoassay de- 
sign. This approach has, however, characterized many 
of the studies conducted in the immunoassay field dur- 
ing the past 30 years, and has been the source of much 
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Rg. 2. Schematic representation of RIA dosfr-reiiponse curves 
observed for high and tow antibody concentrations plotted in terms ot 

(teft) the free/bound fraction (F/B); (center) the bound/free traction 

(B/P) 

Note that the low anb'body concemrstion yields a resporue cun^ of greater 
elope when the aSuy response is plotted In terms of F/B. but of lower slope 
when plotted in terms of B'F. The precision of measurement of zero dose 
(AOo) is Independent of tha coordinate frame used to plot assey data (see 

nghf) 



mythology. For example, consideration of the Law of 
Mass Action reveals that, when response curves cone- 
spending to different antibody concentrations are plot- 
ted in tenna of b va [HL the maximal slope at rero dose 
is obtained for a concentration of 0.5/ir {wher« K' is the 
aflSnity constant), in which circumstance the tero dose 
response (bo) is 33%, This conclusion led to Berson and 
YaloVs enunciation of the well-known dictum (which, 
albeit ^neous, is broadly adhered to by many immu- 
noassay practitioners and kit manxafacturers) that, to 
Tnaximi?^ RIA sensitivity, the amount of antibody to xise 
in the system is that which binds 33% of labeled antigen 
in the absence of unlabeled antigen (2, 3). 

Disagreement regarding the concq)t of sensitivity 
inevitably led to prolonged dispute regarding immu- 
noassay design (6). However, althou^ it is still common 
to encounter publications in the field that rely solely on 
the response curve slope as a measxire of sensitivity, the 
assay detection limit is now widely accepted as the only 
valid indicator of this parameter, and we do not there- 
fore intend to dwell further on this issue here. It is 
nevertheless relevant to an understanding of the "min- 
iaturized" assay methodology described below to empha- 
size that untenable concepts of both sensitivity and 
precision underlie many of the commonly accepted rules 
governing current immunoassay-design practice, some 
of which are contravened in our own approach. 

Basic Imnnunoassay Designs 

It is likewise important in the present context to 
comprehend the basis of the various types of immunoas- 
says currently in use, and the constraints on the sensi- 
tivities of which they are potentially capable, T^e radio- 
immunoassay and analogous protein-binding assay 
techniques originally developed for the measurement of 
insulin by Yalow and Berson (5), and of thyroxin and 
vitamin Bi^ by Ekins and Barakat (7, 8\ relied on the 
use of a labeled analyte naarker to reveal the products of 
the binding reactions between analyte and binder (Pig- 
ure 3. left). This approach has subsequently often been 
portrayed as relying on "competition" between labeled 
and unlabeled analyte molecules for a limited number of 
protein-binding sites, such assays being frequently re- 
ferred to as "competitive.*' 

Subsequently, Wide et al. in Sweden (5), followed 
shortly by MUes and Hales in the U,K. (JO), developed 
labeled antibody methods (Figure 3, right). These meth- 
ods represented an extension of the labeled reagent" 
methods (utilizing radiolabeled organic compounds such 
as J^^^Mabeledp-iodosulfonyl chloride, (^HJacetic anhy- 
dride, and other similar reagents) devised, during the 
early 1960a. by Keston et al. (2 J). Avivi et al. (22), and 
others for quantifying amino acids, steroid and thyroid 
hormones, etc. Although radiolabeled antibody m thods 
(immunoradiometric assays; irmas) were originally 
claimed ilS) to be more sensitive than methods based on 
the use of radiolabeled analyte. these claims were sup- 
ported by neither rigorous theoretical analysis nor per- 
suasive experimental evidence, and for some time re- 
mained controversial. Further doubt on their validity 
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anaJyte + inubocty^ « aulytc : mtt-body* (B) 
^ residual aailyte 
itsidiiil antibody* (F) 



Mcasuit "fraction bound* (B) 
Measure "faction free" (F) 



Fig. a LabeJed-analyte (left) and labeied-anlfbody (right) assay 
systems compared ' i y •/ 

1^2^^ w^^^fi.^ produds of the reaction between anaMe and antibcx^ 
(although tf»e labeled anaVta « not nec»asartty ktentoirto ttHSffi 

me optimal araaooy conoenraion raoutred to mMimw« ««n*itk*K7i- 
ey^em tend. tow« zero (ja^mC- 

anhbody systama rety on Obaarvation of anTSfibodv "rSuter to *t 
paxXicU of th. bintfng r*acikw between arjv^^ 



WHB cast by the publication by Rodbarf and Weias in 
1973 U4) of detailed theoretical studies demonfitratine 
that both labeled analyte and labeled antibody methods 
possessed essentially equal sensitivities. (Note- These 
authors suggested that DMAs might be more sensitive in 
the assay of small polypeptides, in which radioiodine 
mcorporation into the antigen molecule was restricted- 
conversely, these assays would be less sensitive for the 
measurement of antigens of high molecular mass ) Nev- 
ertheless, despite the appearance of this publication, the 
belief that labeled antibody methods per se are intrin- 
sically more sensitive than the corresponding kbeled 
analyte methods gained wide acceptance among clinical 
chemists. 

The reason for confusion on this issue is that the 
greater potential sensitivity of certain assay formats is 
n t really a conaequenee of the labeling of antibody as 
opposed to analyte; indeed, the apparent antithesis 
between label«3-analyte and labeled-antibody methods 
diverts attention from the trup reasons underlying the 
superior sensitivity of certain assay designs. Theoretical 
analysis (see, e.g., 4. IS) reveals that, assuming Vr- 
fect" separation of the products of the binding reaction 
(i.e., no misclassification of bound and free moieties) the 
optimal antoliody concentration (for majomal senritiv- 
ify) m a labeled analyte immunoassay invariably tends 
to zero, irrespective of whether the fi^e or bound labeled 
analyte fraction is measured, whereas in labeled-anti- 
body methods the optimal antibody concentration de- 
pen<te on which labeled-anfa'body fraction is measured 
(see Figure 3). If the free (unneacted) antibody fraction is 
measured, the optimal concentration also tend*4o rero- 
converBely, if the analyte-bound fraction is measured,' 
the concentration tends to infinity. In short, of the foJ 
basic measurement strategies available— labeled ana- 
lyte, with measurement of free or bound reaction prod- 
uct, and labeled antibody, also with measurement of 
free or bound produd-only one permits, in practice the 
u«ft nf antibodv concentrations anoroachine infi^ty 



This particular approach may. for want of a better tenn. 
be described as "noncompetitive." although it murtS 
empha^ that such terminology involves a departure 
from the original meanings attached to^-competitive" 
and "noncompetitive- when these descriptions w«e first 
u«d m the present contact Indeed, as discussed below 
assays may be subdassilied in this manner whenTo 
labeled reagent of any kind is involved. 

However, the categorization of immunoassays and 
other bmding assays as competitive or noncompetitive 
depending on the binding agent concentration yieldini? 
maximal assay sensitivity, itself obscures the undS 
mg reasons for the existence of this divergence in assay 
desipis. and may thus be misleading. These reaaoiu 
may be more readily understood if the basic principles of 
such assays are portrayed differentiy from their custom- 
ary presentation. 

The "Antibody (Occupancy Principle" of Immunoassay 

When a -sensor" antibody is introduced into an ana- 
lyte-contaming medium, binding sites on the antibody 
are occupied by analyte molecules to a fractional extent 
^t reflects both the equilibrium constant govemiae 
the bmdmg reaction, and the final concentration of frw 
analyte present in the mixture. This proposition stems 
unmediately from the Law of Maas Action, which can be 
written as' 

[AbAgMCAb] = ^£Ag] 

or as fractional occupancy of antibody binding sites 
given by • 

lAbAgJ/IAb] = KifKgVO. + K[fAg]) (2) 

where [AbAg], [Ab], [£Ab]. and tfAg] represent the 
oonceatratione (at equilibrium) of bound and total anti- 
body, and free antibody and antigen (analyte). respec- 
tively, and /T = equilibrium constant. The final con^ 
tration of free analyte generally depends on the concen- 
trations of both total analyte and antibody; however, 
when total antibody approximates 0.05/1? or less fre^ 
and total antigen ([Ag]) concentrations do not differ 
sigmficantly, and fractional occupancy of antibody i. 
given by ' 

lAbAgJ/I Ab] = K[Ag3/(l + K[Ag]) (3) 

Assays utilizing this concept have been termed "am- 
bient analyte immunoassays" (16), fractional occupancy 
being independent of both sample volume and antibodv 
concentration (see below). ^ 
All in^unoaseays saentially d pend on measure- 
ment of the -fractional occupancy" of the sensor anti- 
body after its reaction with analyte (see Figure 4) 

measurement of unLmpied 
antibody binding sites (frt,m which antibody occupiicy 
IS unpbcitly deduced by subtraction) necesSSS 
attainment of maximal sensitivity-the use of sensor 
antibody concenti-ations tending to zero; these assays 
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^. 4. The antibody binding-siie occupancy princple of Immunoas- 
ilSiSSS^Sf^ -^"^""^ <" ("^caooaO «nd«^ 

may therefore be categorized as "conpetitive " Con- 
versely, teduuques m which occupied eitee an dineay 
measured permit (in principle) the use of relatively hi^ 
concentrations of sensor antibody and may be described 
aa Ync«npetitive.- This difference in assay design 
sunply reflects the proposition that, to mimmize error in 
the measurement, it is generally undesirable to mea 
amie a small quanUty by estimating the difference 
between two large quantities. 

^eee concepts are iUuatrated in Figu« 5, which 
portrays basic unmunoassay formats currently in com- 
mon use. Conventional RIA and other similar Tabeled- 
andyt* techniques rely on measurement of unoccupied 
binding sites, generally by back-titration (either simul- 
taneous or sequential) with labeled analyte but anti 
idio^Tic antibody (reactive only with un^^pied sites' 
on the sensor antibody) may be used for the same 
purpose. In the case of single-aite labeled-antibody as- 
says the labeled antibody itself constitutes the sensor 
Mtibody; after reaction with analyte, this sensor anti- 
a!^°"^v^ separated into occupied and unoccupied 
fractions through use of (e.g.) an immunosorbant (wm- 

f aoti-idiotypic anti- 

body hnked to a sobd support). If. after separation, the 
"signd- emitted by kbeled antibody W to 
(i.e.. the "occupied" fraction) is measured directly 

assay can be classed as "noncompetitive." Conveii'lv if 
one measureB the labeled antibody not bound to anaJyte 
(i.e.. that attached to the immunosorbant). then tiie 
assay 18 competitive.'' 

Two-site "sandwich" assays are clearly more complex 
beca,^ they rely on two antibodies and can be comid- 
ered from two points of view. For our present purposes 
the sohd.phase antibody can be reganled as the "sensor-' 
antibody, with the labeled antibody enabling the occu- 
pied sensor-antibody binding sites to be distinguished 
Seen from this viewpoint, two-site assays may b' 
classed as "noncompetitive." 

Th^ consideratioM emphasize that the differences 
m design distinguishing sosalled competitive and non- 
competitive methods are essentially unrelated to which 
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Indeed, in the case of transducer-based "immunosen. 
sors no component is labeled: nevertheless, the design 
of the immunosensor wiU differ significantiy. dependiS 
on whether a measurable signal is yielded by occupS 
or unoccupied antibody binding sites sitiialed on S 
~rface. In short, the terms "competitive" and "noncom- 
petitive merely reflect altenmtive apprtjaches to the 
determination of the occupancy of Stibody bind^ 
sites s^ lead to differences in the optimal antib^ 
oincenti^tion required to minimize the effects of ran- 
dom errors arising in the determination 

h.^Z!^*^!.V^ immunoassays can 

be shown to differ signiJScantly in many of their peribr- 
m^ce characteristic, including their sensTt^S ^ 

^tibody Mid the specific activity of the label are imiS^ 
tant m detemunuig sensitivity; however, in pracSoe 
ti,e sensitivity of competitive aasays is primarily limil3 
by the affinity constant of the antibody, whereas S 
specific activity of the label is more important in non- 

c mpetitive systems. In botii cases, tiie "experimental" 
or -manipulation" error in the measurement of the 
2e«Kioseresponse (ig [i.e.. the relative error (^S^ 
ansing from pipetting and other peretions, bSf n^ 
including the sUtistical signal measuT^m^nTo^/ 
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se] 18 of key importAnce in determining "potential" 
assay senotivity (i .e., the Benaitivity obtained by assum- 
ing the specific activity of the label to be infinite, 
implying zero error in signal measurement). Thw the 
potential sensitivity of a competitive assay can be 
shown to be a» /XRo, whereas that of a noncompetitive 
assay is given by ^(^n^/lAhWRo, where, in the latter 
case, Ro is assumed to represent the labeled antibody 
misclassified as bound ([hAblo), commonly referred to as 
"nonspedfically bound" antibody. Thus E^Ah] - f, the 
fraction of labeled antibody that is nonspedfically 
bound, and RocrR^/lAblKRo = faj^^/KR^. Assuming that 
the relative error (a^/Ro) in the measurement of the 
zero-dose response is approximately identical for both 
competitive and noncompetitive assays, it is evident 
from this simple analysis that the potential sensitivity 
of noncompetitive methods is greater than that of com- 
petitive methods by the factor f, i.e., by the fraction of 
labeled antibody that is ^Nonspedfically bouni* For 
example, if the nonspedfically bound fraction is 0.01%, 
a noncompetitive strategy is potentially capable of a 
sensitivity 10 000-fold greater than that of a competi- 
tive approach, other factors being equal, 

These findings are summarized in Figure 6 (left) 
which shows the relationships between sensitivity (ex- 
pressed in terms of molecules per milliliter) and anti- 
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fig. 6. •mwreticaily predicted senslQvities of competitive and non- 
compettttve immunoassay methods (represented by the SD of lero 
anstyte measurements, expressed as mdeculesw.) ptoned as a 
function of anfJt>odyaflifiHy(X) / as a 

Note: in nonoompMiM awAw* UMys. antibody iffinjiy nlnml to Is 

thai Of tt» librtad anBtody. In tr» eofwtltiy. .ssays, «ieu^ 
«lhaa»umpiionmaitr»«^^ 

"potential MnciMiy- curve atsumes o« uaa « t ttSd rtiSwi 
a*^ impt^ that tf» amff In ft* rneawfemam 01 th. li^ 

enw mcunw) m oounfinp »«l dsintapiationt for a flnlt. IwrtSno ^nSl 
that If u»h9 "ntiwliM with in sJfinlly <10« 1^ (»» 
praolee). Sitii Inow. in iensitiv^ can b. achieved by 

ttrves shoiivn irtala 10 valu« rt non«pocHic binrtng rt labried aniibod^^ 
(upper cufva^ and 0.01% (Jowar eurvw). and ampliasiM irw In^TDvwnlHit h 
swNivtiy potortialV atiairiable by mWrnbinQ nons^^ 
spondmg '"Mate/ curwas demonstrsia the much graaier losi In sensltivliy 
(cotnpafBd wilfi that potentislly attainable) when a radoisotopic martor is 

«ajd. end Iha qiaclal aa^anttgrn al nonisotopic bfaeli of (ugher aoMalie 
eaivflyn noncompetitive ■asaydesienslpartculariy a nonsne^bk^ 
rB4i«d to 0.1Nor to). Amms Wiceie assay MrtST^Sta 
noncompelrtive Immunoassayi bsMd on "»l (wyw). and en2vma»iiMnQ m 
8u«09«c (H&^ (28) and r^lioactiv. (isainSj^JS^^SiSS 
wnelusion. indertay the onjin* development (/« si) ^^^^^^ 
lliwolnvnunoessBy {oarvi. «* »* nonisotopic "uto»««itive- mnun^ 



My aflBiuty xn an optimized competitive Oabeled ana- 
y^) assay. For this analysis, we asBtme (a) the use of a 
label of infinite specific activity, antl (6) the use of as 
a label, the radioactivity of the samples-being cotinted 
for 1 mm. Computations of the theoi^tically optimal 
reagent cpncentrations (on which calculationa repre- 
sented in.,Figure 6 rely) wer« based on the furUier 
afisumptionB that (c) the radioactivity of the antibody- 
bound labeled-analyte fracUon was counted and (d) the 
(relative) "experimental error" component in the mea- 
surement of the bound fraction (a^) waa 1%. Given 
these assumptions, the "potential" sensitivity attain- 
able m such an assay is a^Kb, where JT ia the aflSnity 
constant of the antibody. [For example, if the afl5nity 
constant is 10" I/mol. and is 0.01 (1%), maximi^ 
assay sensitivity is 10"" mol/L, or -6 x io« molecules/ 
mL) The additional "signal measurement error" arising 
m consequence of counting radioactive samples for a 
finite time implies a loss of assay sensitivity, as shown 
by the upper curve in Figure 6 Geft). However, the 
resulting loss in sensitivity is relatively small for anti- 
bodies of affinities <10« L/mol, and is negligible for 
antibodies with aflSnities <10" L/mol. In other words if 
the essayist can accept individual sample counting 
tunes of 1-5 min, little improvement in sensitivi^ is 
gained b/ using alternative labels of higher specific 
activities than However, similar consider^ti^ 
suggest that radioisotopic labels of much lower specific 
activity than ^^1 (e.g., ^) may limit the sensitivitierf 
the assays (such as steroid assays) in which they are 
used, notwithstanding the use of relatively long samnle 
coimting times. 

The other main conclusions stemming from such 
analysis are the importance of both minimizing "manip- 
ulation" errors and using antibodies of high binding 
affinity. For example, an increase in crt^ to 8% impliM 
an approximate threefold loss in aensitivity, notwith- 
standing the fact that an assay reoptimized in response 
to the deterioration in operator skill that these numbers 
imply would utilize less antibody and labeled analyte 
thereby partiaUy ofisetting the consequences of poor 
pipetting. But the most important conclusion emerging 
from the analysis is the near impossibility, in practiw 
of achieving immunoassay sensitivities better than 
about 10^ moleculea/mL by using a competitive ap- 
proach, irrespective of the nature of the label used, if one 
assumes an upper limit to antibody binding affinities on 
the onier of 10" Ltool. canines on 

Ihe results of a similar analysis of the sensitivity 
limitations applying to noncompetitive (two^ite) assays 
US) are illustrated in Figure 6 (right). Two sets of 
Offves are portrayed here, corresponding to the assump- 
tionfi Of 1% and 0.01% nonspecific binding of labeled 
antibody to the capture-antibody substrate. SuiJi anal- 
ysis likewise yields important conclusions relevant to 
assay design, e.g.. the crucial importance of redudne 
nonspeafic binding of labeled antibody to an absolute 
minimum. Furthermore, if nonspecific binding is re- 
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by using an antibody otK » 10«LtooI ia an optimiad 
noncompetitive assay design as by using an antibody of 
K = 10>» Vmol in a competitive method One of the most 
important conclusions is that the sensitivities poten- 
tially attamable with high-aflSnity antibodies («• >10" 
I/iMl) are beyond the reach of radioisotopically based 
mrthods. which (because of the relatively low specific 
activibes of laotoptt such as are limited in prS 

l-T'SS' "J*' »olecul4i or 

more. In Acrt, although, under certain circumstances 

ncmcompetitive lRMAs maybe somewhat 
ih^ coTTespondmg RIA techniques (assuming ^ 2 
of the same antibody m each methodolowTSe 
ftiVe^Z^" <«'«^-« sensitivity) o^tK^k^co^^t 
labels of much higher specific activity tin ^ T^l 

are combined with high-affinity antibodies: however 
Figure 6 demonstrates that, even with use ' 
withal^tiesofaboutl()«.VlL"u:Sl^^^ 

HZi" '"ifT*"*^ ^em«t in eensiti^r 
niese theoreticaJ conclusions, together with fl.«l„k 

i^'^l'^'^'^r' Milsteii (fl) o?^Sj£^it 

SSSirt f Tr*"^""' antibodies (;). consti- 
me^(ttlS^Z?S?6?M^^r^^ 

mmunoassay methodology now known as DELFTa 09 
m This methodology was the fint "ultra-sensitive" 
nomsotopic immunoassay methodology to be developed. 
TJe same basic approach has subsequentiy h^n 
adopted by ^y other manufactureiTSng a variS 
ofhigh^pedfic activity labels (Table 1) ^ 
Against this background, let us now tuni to the 
development of highly sensitive, miniatu^Sd "Soil 
spof unmunoassays and multianalyte assay systenT^ 



ta^a^^"^^^" '"^""^-way: Basic ConcepU 

Ambient Anatyte Immunoassay 

Particuter attention has been drawn above to the 
speaous notion that an antibody concentration appiS 
imabng 0.5/ir is required to maximize the eensiSof 
conventional labeled-antigen assays. ThisproSonSf 
UBpbatly overturned by the development of 
mimunoassays. which we expect to provide the bSTof 
a new generation of binding assay methods. But before 



di««Ba»ng this methodology in detaU. another basic 
analytical concept muat be examined. ^ 

an antibody is exposed, being mdependent bTth of sa^ 
pie vo ume ami of the amount of sTto^odk pr^^ 

Law of Mass Action, which leads to the foUowini eo^T 
tion, representing the fractional occupai^ 
lyte of antibody binding sites (at^Eii? 

F» - r{(l/IAb]) + (f AnKAbD + 1} + [An]/IAb] = 0 (4) 

^:^t^^^'^:^::r;^^' '"^^ - ^^^^ 

l^J). Ihis conclusion i« musSS YpTg^^^' j! 
which the fractional occunancv of rrZ^JiJzr^^Ji " 
monoclonal") antilHxlySiSr^iS^S^ 
venous analyte concentrations is plotted TS^ti 
My concentration. When an antiMyrontSSi^?; 

system. (If. for example. K - lo" iv^i ^ 
<1%. and the system is therefore effectively iL^lj 



Table 1. Detection Umlts According to Type of Utei 
,„ Spwme activity 

P«««.- . 7.5 X io« labeled rtioleculss 

E/ttyme lat>el Oetennined by enzyme "aniplifca. 

ton factor" and deteStabflhy of 

reaction product 
Chemilumines^m label i detectable event per labeled 



Ruoreacent label 



molecule 

Many detectable events per labeled 
molecule 



toTe^ISS Se"SS!i7«" ^ »f -nits h« 
>«»y data. The toWAM ,?S^?a ?^ «l«8eiitati«« of biadiM 
that thi, «nvMtoK^^li^'^.'^"n«l to inS 

affinity (caaatant) for analvtorfi i5i i '•"'^ '*°»«»«» 

I0-" mol/L(repreaent^ £'2i^oXin^dL'*'^"f"**'" 
Thui. frartional oecupaaey <w»« («liinen8ionleas) unit 

cal for aU antibodies tfSS ■ * 

b. identieS for ay;^"uS^-" m'S':^ ^ 
anlibody with an affinity olW' L^ollo^'^^ST*!^*'"" ^ " 
with an affinity of 10" Dm«l in-? , of aa antibody 
affinity oncWii. ei^^ii5^'3?^*^*"««body with a^ 
eipreaaed in the saa'e .S^r concentntion ia 

site, ax, exposed. nTtS^^t^^SSSe^S/"*^*^ 

• e.. the ayHt«» is independent iS^ohl' ^ 
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^' Antibody concentration 
Rg, 7. Fractional antibody bindino-afte occuBflnr« /c 

different vaiuM of anal)^ (antigen) con<»nbafionT^i T.^ 
po^ntage binding (b) of^l l^ZT^^'o^^^H 

essentially unaflectod by vtriationt In •nti^y^n^S^^^'^ " 
»««el otdm of imi^dt. being Vo^^^t^^^^'^'^ *^ 

the precepts o( 

dent of sample volume. 

♦K''^^^^°''"^T ^^"^ concepts First 

the antobody may be confined to a "microapot" on a 2 
support, such that the total number of antibodv bh,S«f 
Bit^ within the mim«pot is <vlK x io-» T^^'itfJ 
: ^•'•"^Pl- volume to which the microapot is' Zt^^ 
(la nulhl,t«3) ar»d N = Avogad^'s numS (6 
For example, if p = 1 and if = io» IVmol. then^" 






jmimua number of binding sites that wiU cause nee- 
hgible disturbance «1%) to the ambient con^Sp* ^ 

of anal^ is 6 X 10*. this number STe^S f^ 
lower-affinity antibodies. Purthenno^X^^K* 
ttmt the ratio of occupied (or ^^^^^Z 
^tea is solely dependent on the Z^^, ^ 

>atiometnc",nucrospot immunoassay. 
Dual-Label Microspol Immunoassay 

After exposure of a microspot of antibodv nnr«*oJ 
suitable probe) to an ^yiLm^^^^ " 
^ 8. left), the p^be may h^Sn^^ tea 
sohition containing a high concentratirof 
mg- ^tibody directed against either a se«Ll eS 
(i.e the occupied site) on the analyte molecSe ifS! 
molecuJeis large. or against unoccupiS btSsiC^n 
the antibody in the case of small anaI^o?^« 
(Figure 8. right). The fracUonal occun^^f ^! c 
antibody may thus be estbia^r^SS^^^ 

chemilumnescent markers (or even li.K«iL ? 

'^^'^^^^ 

over a surface (each microapot directed^aiWS^ 
«t anaJyte . bo that multiple analyte^^^^t 
performed smiultaneously on the saie sam^fe 




Non-compBlltlv. assay Compedtive assay 

% 8. Microspot Immunoaaaay: fini incuhaKftn i_ • 

t*.n-l.cud«c..h«only50%ofth, oeo^piad or unoecupiad .«m -^^^ 
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Rg^9. Basic Prin^^<^duaJ.|abel. ambient analyte Immunoassay 
relyinB on fluor83C8nt«4abel6d antibodias """oassay 

advantages stem from adopting a dual fluorescence 
measurement. For example, neither the amount nor the 
distribution of the sensor antibody within the detector's 
field of view is important, because the ratio of the 
emitted fluorescent signals is unaffected. Likewise fluc- 
tuations in the intensity of the incident (excitinff)'liriit 
beam are apt to be of litUe significance. These advan- 
tages are additional to the basic benefit stemming from 
this approach. i.e., that the necessity of ensuring con- 
stanty of the amount of sensor antibody used in the 
assay system is removed. 

Microspot Immunoassa/ Sensitivity 

Because the microspot immunoassay methodology 
challenges concepts that have dominated imniunoaaBS 
design theory in the past two to thr«e decades, consid- 
eration of the potential eensitivi^ attainable by this 
approach is obviously of primaiy importance. The prop- 
osition that microspot assays may be at least as senai. 
bve as conventional systems that rely on far larger 
amounts of antibody may readily be demonstrated by 
consideration of a model system. Let us postulate that 
sensor antibody molecules are attached to the surface of 
a solid support such that their binding sites remain 
exposed to the anaJyte, and that their affinity for the 
analyte is thereby unchanged. (The antibody concentra- 
tion m the system— the number of binding sites on the 
support divided by the incubation volume— is unaffected 
by such attachment, and antibody occupancy by analyte 
at equilibrium will be identical to that occurring if the 
antibody is distributed uniformly throughout the incu- 
bation mixture.) Let us also suppose that the antibody 
molecules exist as a uniform m nolayer. of maximal 
surface density on the support and (to simplify discus- 
sion) are unlabeled. Then a change in the concentration 

of sensor antibody implies a corresponding change in 
the surface area over which the antibody is distributed 
If, for example, the antibody aflSnity constant is 10" 
L/mol, the total incubation volume is 1 mL, and the 
antibody surface density is 6000 binding eites/ fm', then 
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L'S^'^k"? '^^^'™'"'*-'^-^™*^'^ accommodate, 
antibody binding sites cormponding to a concentration 
of ai/Z; an ««a of 0.01 am« correspond, to a con^ 
trafaon of 0 01//f . etc. Let us further portulate that, after 
exposure of the sensor antibodies to a medium contain, 
mg analyte at a concentration of O.Ol/T Ci.e., 6 x 10' 
molecules^) we measiire "^oncompctitively- the re- 

o"?^^^^ ^ «^ to a s^ 

end, labeled, "developinr antibody directed against the 
analyte. forming a typical antibody sandwich). Finally 
let us suppose that aU occupied sites react wi&S 
developing antibody, with the latter also binding W 
specifically' to the solid support itself at a 
density of 1 molecule/>un'. »u"««b 

J^!J"^,°r effects of a progressive 

re^on ofthe antihody-coated surface aref fr^^ 

J 1 "''^y concentration UK) throurii 

0.1 mm» (O.yi0 to 0.01 mm« (0.01/X) and below p3 

W^Xil ft '^^l^^ ' arear4Sr; 
1 K.iir ? fiu^bnum the number of analyte and 
labeled antibody molecules specifically bound to the 
area is 2.99 x 10' (i.e.. about 50% of 4 total a^ljll 
mobcules present), whereas the number of labeled an- 
tibody molecules nonspedficaHy bound is 10«. Thus, 
assuimng the field of view of the detecting instrument^ 
restnc^ to the area on which the senLranSSSy L 
deposited (see Figure lOo). and (provisionally) assundng 

^™ ^"^"^ instiTiment itself to bf 

«ro (i.e.. the only source of background is the non- 






b.n.i9 M tomitm: •>.. o««^ ow.w,: 




e. F«« ^ ^ ^ ^^^^ ^^^^ 

is represented by t^e luZla^^^^'^^'""^ 
•wJueing me »raibo(ly iSe?W ««'^: by 
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spedfically-boimd labeled antibody within the instni- 
ment'B field of view), the signalAioise ratio observed for 
the 1 mm^ area ie -30- Similarly, the value of F for a 0.1 
mm^ area is 9.02 x 10"», the number of labeled anti- 
body molecules specifically bound to the area is 5.41 x 
10®, the number nonspecifically bound is 10*, and the 
signal/noise ratio is ^54. Likewise, the si^al/noise 
ratio for a 0.01 mm^ area can be shown to be -59. In 
short, the signal/noise ratio increases as the antibody- 
coated surface BTBS is decrpHBod, approachiog a naxi- 
mal (plateau) value of 60 as the am coated with senaor 
antibody falls below 0.01 nun' and tends toward zero. 

If, however, a reduction in the antibody-ooated area 
were not accompanied by a corresponding reduction in 
the detecting infltrument's field of view, the resulting 
reducUon in "signal" would not lead to a corresponding 
decrease in the background generated by nonspedfi- 
cally-bound developing antibody (Figure lOi). There- 
fore, although reduction in the coated area would in- 
crease the fractional occupancy of the Bensor antibody, 
the signal/noise ratio nu^t cither remain constant or 
liall. In these circumstances it might be advantageous to 
increase the coated area. Similarly, if the surfkce den- 
sily f senaOT antibody were decreased (the coated area 
being held constant), similar conclusions would be 
reached (Figvav 10c). 

LDiewise, if the background signal generated within 
the detecting instrument itself (e.g., from the photocath- 
ode of a photomultiplier tube used to detect photons 
emitted from the antibody-coated area) were not zero 
and remained constant r^ardleas of the instrument's 
field of view, then a maximum signalAioiae ratio would 
also be attained at some optimal value of the antibody- 
coated area, below which the ratio would fall. Because 
however, one can generally reduce the size of the detector 
(and hence the detector-generated backgnmnd) at the 
same rate as the size of the slgnal-emitting area, there is 
no reason— in principle— fin- the signal/noise ratio to 
diminish as the antibody-coated area is pnigresaively 
reduced toward zero. Thus if we .accept the signal/noise 
ratio as indicative of the precision of the measurement of 
antibody occupancy (and hence of assay sensitivity) 
these considerations suggest that it is advantageous to 
reduce the antibody^oated surface area (and, concomi- 
tantly, the sensor-antibody concentration) toward zero 
although litUe advantage is likely to accrue firan reduc- 
ing the area below 0.01 mnis (and thus the antibody 
ooncentratioa below O.Ol/JH. 

Were the microspot area indeed reduced to aero, both 
signal and noise would likewise also fall to zero (the 
ratio between them nevertheless remaining essentially 
«ai8tant), implying that no signal of any kind would, in 
the limit, be recorded. In practice, other statistical 
fertore come into play when the number of individua] 
events (e.g., photons) observed by a detecting instru- 
ment is veiy low, thus prohibiting a reduction of th 
sensor antibody concentration to zero. The point at 
which the reduction in the antibody-coated area causes 
th» Ari^^M^, rimn] tn be lost suflBdentlv to affect the 



precision of the measurement of antlwdy occupancy 
depends clearly on the specific activity of the labeled 
antibody used to measure the occupied binding eites- the 
higher the specific activity, the smaller thei)ermia8ible 
area. Thus, given labels of very high specific activity 
one can envision circumstances in which, even in a 
•^joncompetitive" system, the optimal concentration of 
sensor antibody may be exceedingly low. A more gen- 
eral conclusion is that a variety of factors, including the 
characteristics of the instiimients used for measurine 
the labeled antibody (or labeled analyte). influenw 
mununoassay design, implying, among other things, the 
virtual impossibility of formulating general rules re- 
garding this. For example, reagent concentrations that 
are optimal for isotopically labeled reagents used with a 
conventional radioisotope counter (posBesfiinc a fixed 
background dependent on its basic construction) are 
likely to be entirely different when very high-spedfic- 
activily labels are used and one has the fr«edom to tailor 
the measuring instrument to samples of any aixe. In 
short, certain conclusions baaed on experience of RIA 
and DMA techniques may prove misleading when ap- 
plied to noniaotopic methodologies, and should be 
viewed with caution. 

A more detailed theoretical consideration of (noncom- 
petitive) microspot immunoassay sensitivity (21) mia- 
geststhat / »ug 

Cmin = D*^ X [(6 X 10«>)(1 + [Ab'BJ/DJClAb*] (5) 

where i? = surface density (binding siteaZ/mi^) of aensor 
antibody. K = sensor antibody afiBnity (L/mol) lAb»l = 
concenti^tion of labeled antibody in developing solution 
(expressed in units of l/Jf. where K* = labeled antibody 
™Jy). jO*mia = minimum detectable surface density 
of labeled antibody (moleculea/iun*), and = assay 
detection limit (moleculea/mL). For example if [Ab*] = 
l,D = 10» molecules/;mi2^ K = 10" L/mol. aiid D* ' = 
20 molecuI^;mi=, then = 2.4 x 10« molecul^ 
- 4 X 10-" mol/L and the fractional occupancy of the 
binding sites of the sensor antibody by the minimum 
(letectable concentration of analyte is 0.04%. Figure 11 
shows the theoretical assay sensitivities attainable with 
use of sensor antibodies of various aflanities, plotted as a 
Junction of Z)»^. «u «» « 

A similar theoretical analysis of competitive micro, 
spot immunoassay indicates that potential sensitivities 
are essentially identical to those attainable with con- 
ventional competitive methodologies. In summary the 
above considerations indicate that the attainment of 
hjigh microspot assay sensitivity requires close packing 
of molecules of sensor antibodies within the microsprt 
area, combined with the use of an insfaTiment capable of 
accurately measuring very low surfa(» densities of de- 
veloping antibodies. They also suggest that (a) micro- 
spot assay sensitivities considerably higher than those 
obtamable by conventional isotopicaUy based immu- 
noasMys are achievable, and (6) if labels of very hieh 
speafic activity are available, the sensitivities yielded 
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spot immunoassay jolted i a "oncompeWive micro- 

anttbody density datectaWe wi^^^S^LTSeT ''^'"^'"^ 
and 01 (tevetophg antfbody «n«rSiSn moteo/les/Mm-. 
anlfbody p«r miownel** ^ ^ molwuJw of fiuore3ceir>^5Sted 



achievable in mBcroscopic Ss ^'^^vities 
sign. ^ °^ conventional de- 

"^^^iaSly, we briefly address a fiiwk— 
=ional]y raised in t4 «.nSi 
teristics of microspot aasayTTti" ^-^ 
^.ardiag this is^. ^ -de 

antibody, the lower^eS F"=n>8Pot of 
the velocity of thi antiS,SLJ2r?- 
that at the limit (i.e wh^ A «> 
aituated within the »°«body 
ldneti„of ^r^irn^S^^^g^"^^ 
homogeneous liquid-pha,^^Sf^^^ "^ff'^^l i» a 
effective concenLtirjL^^S^T'^' ^^^'"'^^ 
tion medium is exceed^Tyl^^S? 
whichsen«>r antil^S^ite;X°^e"'^ 
Bpot become occupied is ^^J^^^tX^"^ 
«m3tance than when a relaUvelv i.S^ 
-tibody is u««d. as in ^o^^^^^tZ'^'^Tf 
those of noncompetitive deaiga ^oS!!^ ^t.'^"''^ 
in mind the relationship Sen 
of sensor antibody and SieSS/S occupancy 
above, it is readilj demoSraKt^ 
the ratio rises is greatest^en ^H, - ''^ "^^^ 

the antibody con WwT^^^risl'^^Ar 
"^trumentati n whose field of iiew is^«bSS'f T 
-crospot area, the highest ^SoiLt^wS.t 

concentration of sensor antibody in tK- i^^^* 
<0.01/iSr. In^short, conti^y n«S,, ? fT^" " 
pression.andtoSegen^yT^^l\~ 
immunoassay incubation times reS. f r ^'"^ 

la^e amounts of antih^, Sy^^^^?:^ 
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^^tC^y^e^^^^ 
Mlcn^ ^uncassay: Son. Prac«ca. Considerations 

nary studies have 3^ rt" our prelimi- 

Wphor.. Tie Bi^tSSo^us °' conventional 
fluorescent^, from ^^-^^T^^^ 
liAed, and the avShwll ^T*' """^ 
tion ^e.g..thela3erl^t^^^^"-tn^ 
not specifically desi^fr Z^S^"^^' 
l-en useful in dexSS^4«^thrSf^^^; ^ 
nucrospot approach. feaBibdjty of the 

In laser scanning confocal fluorescence , 

fmall area of the specimen i» S^l^T^^^ « 
W beam, the fluon^l "kT^^ ^ * 
area being focused i^^ ^Y^^ ^^n* this 

focal" point, the preiertion nf f k ^' • ' ^* «»°- 

the baci-proJS™ oTthlS't^^^r' "^^^ 
(Tigw 12). FluoreBceB~ ""^ode 
points thus poss^r^jr at other 

detector. SucS^^^^^^P^J^^^^^y of teaching th 
fluorescence mic^e^S^T?. ^"'^""^O^'^ ^pi- 
posed to an essentiSwij^ "Pecimen is 

y>eld much ^t^^iZS^'^T^^''^^ and 
ated in a defi^pl^^^ f."*'"**°t «nitterB situ- 
spontaneously emitteJ fef L^'. 
cathode contribute to ^e tTckif "1^*?^"^ P^"^ 
i^trument.andmus^ft iu-i^^^ ''^ ^ 

«tivity-be nuninS:?:i^tlv 
mstruments permits the pE^f'to t^'^ "^'^'^ 
- area, and this source o?ba*S^^ 
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to diminish with future improvement in photomultiplier 
design. Other sources of background include fluores- 
cence emitted by components in the optical system, 
which n:Lay not, in current instruments, have been 
constructed with background reduction as a prime con- 
sideration. Nevertheless, they detect with high sensitiv- 
ity fluorescent signals. For example, one conmiercially 
available microscope is claimed to detect fluorescein at a 
density of 10 moleculea^^^. Most commercially avail- 
able fluorescein isothiocyanate (FITC)-labeled IgG ex- 
hibits a fluorophor/protein ratio of -4; this implies 
detection limit (D*nu») for antibody surface density of 
two or three FITC-laJ&eled IgG molecules per microme- 
ter^. This, in turn, iii^)lies a theoretical sensitivity for a 
two-site immunoassay of -2-3 x lO* analyte molecules 
per milliliter, assuming identical parameter values as 
above, or 2-3 x 10^ molecules/mL if the sensing anti- 
body has an afiSni^ of 10** L/mol. Clearly, sensitivity 
may be increased by loading more fluorophor either 
directly or indirectly onto the antibody. 

Our preliminary studies have relied on a less sensi- 
tive microscope, albeit one possessing facilities for dual- 
fluorescence measurement Its argon laser emits two 
excitation lines at 488 and 514 nm. It is thus particu- 
larly efficient in exciting blue/green-emitting fluoro- 
phores such as FITC (excitation maximum 492 nm), but 
is less efficient in exdtdng fluorophores such as Texas 
Red (excitation maximum 596 nm). However, the ratio- 
metric assay principle permits considerable variation in 
detection efficiencies of the two labels because the spe- 
cific activities of the labeled antibody species forming 
the antibody couplets can be chosen to yield signal 
ratios approximating unity. Inefficiency of the argon 
laser in exciting Texas Red is thus not a major handicap 
in this context. Though this instrument relies on a 
conventional microscope and not on an optical system 
designed for this purpose (and thus implicitly less sen- 
sitive)^ it permits quantification of fluorescence signals 
generated from microspots of any selected area. Initial 
studies have rievealed that, under conditions that are 
not optimal, the instrument is'capable of detecting -25 
FTTC-labeled and (or) 150 Texas Red-labeled IgG mole- 
cules per micrometer^, while scanning an area of --^50 
/xm^. 

The development of microspot imrnxmoaasays has also 
necessitated closer scrutiny of the mechanisms involved 
in the coupling, of antibodies to solid supports. In the 
present context, these should display a capacity to 
adsorb (in the form of a monolayer>--or to covalently 
link — a high surface density of antibody combined with 
low intrinsic-signal-generating properties (e.g., low in- 
trinsic fluorescence), thus minimizing background. We 
have examined a number of candidate materials, such 

as pol3propylene, Teflon* cellulose and nitrocellulose 

membranes, microtiter plates (clear polystyrene plates; 
black, white, and clear polystyrene plates), glass slides 
and quartz optical fibers coated wiUi 3-<amino propyl) 
triethoxy silane, etc., and several alternative protocols 
for achieving high monolayer coating densities. Tliese 
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studies have exposed phenomena neither evident nor of 
importance when antibody binding to solid supports is 
examined at a roacroscopic level. Provisionally, we have 
used white Dynatech Microfluor microtiter plates— 
formulated for the detection of low fluorestence signals, 
and yielding high signal/noise ratios and high coating 
densities of functional antibodies (--5 x 10* IgG mole- 
cules/pm^for assay development, althougji such 
plates are not ideal. Indeed, deficiencies in the antibody- 
deposition methods used constitute the principal source 
of imprecision in assay results and the limitation in 
sensitivity that this implies. Clearly, this represents an 
area for farther study and refinement of current f^^Ating 
techniques. 

Notwithstanding the limitations of present instru- 
mentation (which, among other things, does not permit 
the use of time-resolving techniques to distingxiish two 
individual fluorescence signals either from each other or 
from backgroimd fluorescence) and the crudenesa f 
present methods for coupling antibodies onto small 
areas, we have verified the theoretical concepts outlined 
above by comparing the performance of several assays 
when constructed in microspot format and when conven- 
tionally designed. Although unoptimized, ratiometric 
microspot assays have yielded sensitivity values closely 
approaching those of conventional optimized TRMA, As 
an example, the results of a ratiometric assay system for 
thyrotropin, with use of Texas Red- and FTTC-labeled 
antibodies, are shown in Figure 13. Bearing in mind the 
well-known limitations of these and other "convention- 
al" fiuorophors when used as immunoassay reagent 
labels, such results are encouraging, although further 
work is clearly required to achieve the considerably 
greater sensitivity theoretically predicted with use of 
improved fiuorophors, better antibody-microspotting 
techniques, and purpose-built (time-resolving) instru- 
mentation. 

The finding that highly sensitive Inonunoassays can 
be performed with far smaller amoimts of antibody than 
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Fig. 13. Response curve In a duaMabaled microspot ratiometric 
assay of thyrotropin (TSH) wHh Texas Red-lsbeidd soM-phase 
capture antbody and a developing aniit>ody labeled with Wotin/ 
FrrC-«vidin 

Th# FrrC/Texa» FUd ratio for tach microspol was maesured wtth a Bcanntr« 
ooafecaJ mkmoope. and pkm«d as a function of TSH concenMion h 
milTi-tm urvta^ 
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are currently used coDventionally permits in turn the 
construction of antibody microspot arrays enabling, in 
principle, the sixsultaneous measurement of tbousanda 
of different eubfftancee in 1-mL samples. In coUabora- 
tion with investigators at the Centre for Applied Micro- 
biological Research, Porton Down, UJC., we are pres- 
ently developing various techniques for the creation of 
such arrays. Indeed, similar technologies have recently 
been used for the parallel synthesis of several different 
polypeptides, these enabling 10 000-microspot arrays to 
be constructed on sih*ca chips approximating 1 cm' (24), 
Although arrays of this capacity are unlikely .to ever be 
required for conventional diagnostic purposes, we can 
anticipate that the ability to simultaneoxxsly measure 
many substances in the same sample will have revolu- 
tionary conaequences in medidne and other similar 
areas. In addition, such techniques may ultimately 
permit the individual analysis of the multiple isoforms 
of certain •'heterogeneous" analytes (e.g., the glycopro- 
tein hormones), such molecular heterogeneity currently 
presenting a major obstacle to the standanUzation and 
interpretation of many immunological measurements 
(25). Moreover, although these concepts have been illus- 
trated in an immunoassay context, they are clearly 
applicable to all *l>inding assays," including those rely- 
ing on the use of DNA probes,, hormone receptors, etc. 
For example, labeled lectins that are specific in their 
reactions with the sugar residues in the oligosaccharide 
chains of glycoprotein molecules may be used, together 
with specific antibodies, to impart additional "structural 
specificity" to sandwich assays (26, 27), possibly over- 
coming the limitations of antibodies per se in regard to 
differentiation of the glycoeylation variants of the gly- 
coprotein hormones. 



Summary and Conclusion 

Because of past conJusion regarding the concepts of 
precision, sensitivity, accuracy, etc., several erroneous 
concepts have become incorporated within currently 
accepted rules of immunoassay design. In pariacular, 
much higher antibody concentrations are ctistomarily 
used than are necessary to achieve very high assay 
sensitivity, provided that certain measurement strate- 
gies are adhered to. In this presentation, we have 
attempted to show that, in principle, the highest assay 
sensitivities are obtained by confining a small number 
of sensor antibody molecules onto a very small area in 
the form of a microspot and measuring their occupancy 
by an analyte, by using very high-specific-activity "de- 
veloping^ antibody probes, thereby maximizing the sig- 
nal/noise ratio in the determination of sensor antibody 
occupancy. This observation, which contradicts cur- 
rently accepted immunoassay design theory, in turn 
makes possible the measurement of an unlimited nimi- 
ber of different analytes on a chip of very small surface 
area through the use of, e.g., laser scanning techniques 
closely analogous to those used in compact disk tech- 
niqu s of sound recording. Extensiv experimental stud- 
ies in this area, albeit conducted with relatively crude 
techniques and instrumentation not specifically de- 



signed for these purposes, and therefore not reported in 
detail here, have demonstrated the feasibility of the 
miniaturized antibody microspot approach and the va- 
Udity of the general concepts on which it ia based. We 
are therefore confident that this represents the basis of 
a next-generation technology that ia likely to have a 
revolutionaiy impact on aU fields involving the use of 
binding assays. 
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Corrections 



V 1 37, pp. 1447-fi: In our desire for rapid publication, 
important errors were introduced into the following 
Technical Brief. The corrected version ifi here repro- 
duced in its entirety, with our apologies to the authors. 

Rapid Detection oll717-1G->A Mutatk>n \n CFTR Gene 
by PCR-Medlated Site-Directed Mutagenesis, Laum 
Cremoncsi,' Manuela Seia,^ Carmelina Magnani/ and 
Maurizio Ferrari^ 0 Istituto Scientifico H.S. Raflaele, 
Lab. Centrale, Milano; ^ Istituti Clin, di Perfezionamento, 
Lab. di Rioerche Clin., Milano, Italy) 

Until now, among the non-AF508 mutations identified in 
th cystic fibrosis transmembrane conductance regulator 
(CFTR) gene by the Cystic Fibrosis (CF) Genetic Analysis 
Consortium, the ones most frequently seen in our popula- 
tion sample are the 1717-3G-*A mutation (13/144 or 9% of 
the CF chromoBomes) and the G&42X mutation (lG/190 or 
8.4% of the CF chromosomes), both revealed by dot^lot 
hybridization of the polymerase chain reaction (PCR) prod- 
uct with allele-specific oligonucleotides (ASO) probes (i). 

In an attempt to simpliiy the analysis of the most 
frequent mutations in the CFTR gene, we converted radio- 
bbeled ASO detection into restriction endonuclease anal* 
ysis of the amplified product 

A PCR-mediated site-directed mutagenesis (2, 3) to de- 
tect the G542X mutation by generating a novel BstNl site 
in the u-ild-type sequence had already been suggested (4), 

To detect the i717-lG->A mutation, we designed the 
reverse primer (S'-CTCTGCAAACTTGGAGAGGTC-S') to 
contain a single-base mismatrh (t-^G), which could create 
a novel AvaU restriction site IG I G(A^r)CC] in the am- 
plified wild-type (WT) allele but not in the CF mutant CM) 
allele: 



WT: WT 1717 



3' 



TAGGACA GCAGAG 

..CGTCTC 



3' 



ATXTG£ 



AvaU site 



M; M 1717 
i 



6' 



TAAGACA. GCAGAG 



5' 



3' 



ATTCTGG CGTCTC 

3' —5' 

mutasenized base of reverse primer 




Rg. 1. Detection of the 1717-1G^A mutation t>y PCR 
Fteactions were carried out with 1 ^ig of genomic Df4A In a total volume of 100 
oonlBtning 10 mmot/L Tria-HCt (pH 8.3). 60 mmol/L KO. 1.S mmoW. 
0.1 94. gelatin, 200 mhioI/L each of the tour daooryribonucleoWe 
triphosphatase 2.6 unte of T»q potymsmM (Psrtdn-DrTMr Cohia. Norwak. 
CT). and 100 pmot ol each of the primers. PCn conditions were as toOowt: 
dermJuralion al 94 for 1 mir\. aATMiing at 55 'C lor 30 a, and extension at 
72 X tor 1 mln, for a total of 30 cyctM. PCR products were digestsd lor 2 h at 
37 *C with 5 U of'AvsIl and etectrophorased on 3% ao8ro6e-1% NuSleve oel 
tor t h at 50 V. Bands were made visile try stainkig the gel with athidium 
bromide. Lane 1: Xaelil-dlgested pBR322 size mar»(Of. Lane 2: normal 
homoiygote. Lant 3: CF patier^ homozygous for the 1717-1G-^A rr»utattan. 
Lane 4: heterozygote carrier tor the 1717-1Q-*A mutation 



For the forward primer, we used the one made availabl 
by the CF Gene tic Analysis Consortium to amplify exon 11 
of the CFTR gene: 5'-CAACTGTGGTTAAAGCAJVT- 
AGTGT^'. 

Digestion by A uoO enzyme of the PCR product generates 
two fragments of 116- and 21-bp in the wild-type alleles 
and leaves undigested a 137-bp iragment in the mutant 
alleles (Figure 1). 

By combined analysis for the AF508 mutation (5) (252/ 
470 or 53.6% of the CF chromosomes), 1717-1G-*A, and 
G&42X, about 71% of muUtions might be detected by 
nonisotopic analysis of the PCR product, thus allowing a 
faster and easier one-day procedure for carrier screening 
and prenatal testing. 
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